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In  the  previous  paper,  we  presented  a  general  expression  for 
the  Taylor  scries  for  any  function  which  can  he  expressed  \s  a 
simple  product  of  a  purely  radial  and  purely  angular  part. ^ In 
this  paper  we  apply  that  form  of  the  Taylor  series  to  the  Yukawa 
potential  -f-v4a~ll,=__c  ~ a  r  ,/jc^  ,  and  to  several  potential  functions 
which  can  he  derived  from  it.  In  particular,  we  examine  the 
expansion  of  the  Yukawa  potential  itself.  In  the  limit  as  the  — 
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exponent  a  vanishes,  the  Yukawa  potential  transforms  into 
the  Coulomb  potential.  We  show  that  the  limiting  process  applied 
to  the  Taylor  scries  for  the  Yukawa  potential  veilds  the  familiar 
form  of  the  i.aplace  expansion  of  the  Coulomb  potential. 
Differentiation  of  the  Yukawa  potential  with  respect  to  the 
exponent  a  yields  the  exponential  function.  Hence,  we 
develop  a  Taylor- I.aplace  power  scries  representation  of  the 
Morse  potent  ia  1  .^1  ntegrat  ion  of  the  Yukawa  potential  with 
respect  to  the  epmonent,  in  the  sense  of  the  I.aplace  transform, 
yields  functions  \jf  the  form  r'D.  Thus,  Taylor  series  for  the 
i.ennard -Jones  and  related  potentials  can  be  constructed, 
finally,  we  consider  a  I.apl  ace  - 1  i  kc  functional  expansion  of 
the  Yukawa  potential  followed  by  a  Taylor  scries  develop¬ 
ment  about  the  end-point  of  a  vector  in  the  expansion. 

This  process  illustrates  the  application  of  the  general 
methods  to  a  more  complicated  angular  dependence  than  one 
finds  with  the  use  of  simple  scalar  functions.  An  appendix 
contains  a  Taylor  series  for  one  additional  potential  which 
is  not  directly  related  to  the  Yukawa  potential:  The  Woods- 
Saxon  potential.  The  expansion  for  the  Buckingham  exp- 6 
potential  (totally  derivable  from  the  Yukawa  potential]  is 
also  given. 
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Abstract 


In  the  previous  paper,  we  presented  a  general  expression  for  the 
Taylor  series  for  any  function  which  can  he  expressed  as  a  simple 
product  of  a  purely  radial  and  purely  angular  part.  In  this  paper 
w'e  apply  that  form  of  the  Taylor  series  to  the  Yukawa  potential 

.or 

[y(r)  =  e  / r ] ,  and  to  several  potential  functions  which  can  be 
derived  from  it.  In  particular,  we  examine  the  expansion  of  the 
Yukawa  potential  itself.  In  the  limit  as  the  exponent  a  vanishes, 
the  Yukawa  potential  transforms  into  the  Coulomb  potential.  We  show 
that  the  limiting  process  applied  to  the  Taylor  series  for  the  Yukawa 
potential  yields  the  familiar  form  of  the  Laplace  expansion  of  the 
Coulomb  potential.  Differentiation  of  the  Yukawa  potential  with 
respect  to  the  exponent  a  yields  the  exponential  function.  Hence, 
we  develop  a  Tay 1  or- Lapl ace  power  series  representation  of  the  Morse 
potential.  Integration  of  the  Yukawa  potential  with  respect  to  the 
exponent,  in  the  sense  of  the  Laplace  transform,  yields  functions  of 
the  form  r  c* .  Thus,  Taylor  series  for  the  Lennard -.Jones  and  related 
potentials  can  be  constructed.  Finally,  we  consider  a  Laplace-like 
functional  expansion  of  the  Yukawa  potential  followed  by  a  Taylor 
series  development  about  the  end-point  of  a  vector  in  the  expansion. 

This  process  illustrates  the  application  of  the  general  methods  to 
a  more  complicated  angular  dependence  than  one  finds  witli  the  use  of 
simple  scalar  functions.  An  appendix  contains  a  Taylor  series  for 
one  additional  potential  which  is  not  directly  related  to  the 
Yukawa  potential:  the  Woods-Saxon  potential.  The  expansion  for  the 
Buckingham  exp-fi  potential  (totally  derivable  from  the  Yukawa  potential) 
is  also  given. 


1.  Introduction 


(.liven  a  general  function  G(r)  of  the  vectorial  separation 
between  two  points,  r  =  rj  -  r2 ,  we  can  consider  the  expansion  of  this 
function  in  two  ways.  In  one  form  of  expansion,  we  can  express  the 
original  function  as  a  series  of  products  of  new  functions.  The 
arguments  of  the  individual  functions  depend  only  upon  components  of 
ri  or  r 2  alone.  Thus,  the  dependence  on  rj  and  o  in  the  original 
function  is  separated.  The  other  form  of  expansion  is  to  consider 
the  development  of  the  function  as  a  power  scries  in  terms  of  the 
d i sp 1  a cement ( s )  about  the  vectorial  end-point  (s)  .  The  Taylor  scries 
represents  such  a  development. 

In  this  paper  we  develop  Taylor  series  for  several  commonly  used 
potential  energy  functions.  The  functions  all  can  be  derived  from  the 
Yukawa  potential  function: 

y(r)  =  exp  ( - ar ) / r  .  (1.1) 

The  particular  functions  we  consider  in  addition  to  the  Yukawa 
potential  are  the  Coulomb  potential  (we  show  this  as  a  limiting  form), 
the  exponential  and  Morse  potentials,  and  the  Lennard -Jones  potential. 
Included  is  the  Buckingham  exp-6  potential  which  is  merely  a  hybrid 
form  of  terms  which  we  consider.  Our  analysis  shows  that  for  parent 
functions  which  can  be  expressed  as  inverse  powers,  the  Taylor  scries 
is  equivalent  to  the  Laplace  expansion  of  the  same  function. 

An  objective  in  seeking  functional  or  power  series  expansions 
of  various  potential  functions  is  to  be  able  to  simplify  the  potential 
energy  functions  for  complicated  distributions  of  molecular  sources. 
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Thus ,  given  a  spatial  distribution  of  sources  for  a  particular 
potential,  c .  g . ,  electrostatic,  exponential,  Morse,  or  lennard- 
Jones,  it  is  frequently  necessary  to  consider  some  form  of  symmetry- 
adapted  expansion.  Uriels  (1980)  has  considered  this  type  of  problem 
for  functional  expansions  of  the  Buckingham  (1938)  cxp-6  potential.  In 
a  number  of  instances,  it  is  necessary  to  consider  symmetry-adapted 
Taylor  series  as  well.  Schmidt,  Pons  and  McKinley  (1980)  considered 
such  an  expansion  in  an  analysis  of  the  vibrations  of  ions  and  atoms 
in  condensed  phases.  The  formulae  we  consider  here  simplify  the 
problem  of  constructing  Taylor  series. 

In  the  next  section  we  list  the  formulae  needed  for  the  subsequent 
discussion.  In  section  3  we  consider  the  Taylor  series  for  the  Yukawa 
potential.  In  section  4  we  consider  the  limiting  transitions  to 
the  Coulomb,  exponential,  and  Lcnnard- Jones  potentials.  Finally, 
in  section  5  we  consider  the  Laplace  functional  expansion  of  the 
Yukawa  potential  and  the  development  of  a  Taylor  scries  for  one  of 
the  functional  elements.  The  Woods-Saxon  (1954)  and  Buckingham  (1938) 
exp-6  potentials  are  considered  briefly  in  an  appendix. 

2.  The  Ccneral  Taylor  Series 

In  the  proceeding  paper  (McKinley  and  Schmidt,  198_)  we  showed 
that  for  any  function  C(r)  which  is  separable  into  purely  radial  and 
angular  parts  of  the  form 

C,(r)  =  Y^(r)F(r)  (2.1) 

where  Y^  (r)  is  the  spherical  harmonic  function,  the  Taylor  series 
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in  terms  of  the  vectorial  displacement  c  is 


C,(r  +  c)  =  ( 4-tt  )  3// 2  l  (cn/n  ! )  [ 


n  =  0 


I.,M,  £,m 


(2L+1 ) 

TTuTnTTTTT 


1/2 

(I.P.OO  |  XO)  (UMm  |  Xp)  I  (r)  . 


(2.2) 


In  this  formula  (L?.Mm|Xp)  is  the  Clehsch-r.ordan  coefficient  (Rose, 
1957)  .  Ay  is  given  hv  (Morse  and  Feshhack,  1953) 


A 


nf 


0  for  ?  >  n  and  n  -  f  odd 


(2*+l  )n!  (n- J+l)  !  ! 
T  n  -  f.  + 1 )  !  (  n  +  ?  +  1  )  !  ! 


for  5.  <  n  and  Z 


n  even 


(2.3) 


and  1  |  (r)  is  defined  by 

on 

dk  kn+2f (k) jj  (kr)  (2.4) 

0 

where  j  (x)  is  the  spherical  Resscl  function  of  the  first  kind 
(Arfken,  1970).  The  quantity  f(k)  is 


Tnh(r)  = 


-A  3 


f  (k) 


.  .  X 
4  n  1 


("dr 


0 


r2F(r)jA(kr). 


(2.5) 


Fiquation  (2.2)  and  the  supporting  equations  (2.3)- (2.5)  arc  used  in 
the  following  sections. 

We  shall  have  need  to  use  the  limiting  form  of  cun  (2.2)  for 
a  scalar  function  f. :  X  =  p  =  0.  This  quantity  was  derived  in  the 
proceeding  paper  (McKinlcv  and  Schmidt,  198  ) 
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UoU)  =  /'In  ^Ic'Vn!  Jh- i)J  +  nAlUl’Jl(r*c)  InJi(r)  .  (2.0) 

!\>(x)  is  the  Legendre  Polynomial. 

3.  Functional  and  Power  Series  for  the  Yukawa  Potential 


We  now  express  the  Yukawa  potential,  eqn  (1.1),  as 

y(r)  =  /TnYo  0  (r)^exp(-ar)  .  (3.1) 


The  Fourier  transform  is 


f(k) 


(4tt)‘5^'2|  dr  r  exp  (-ar)  j  0  (kr) 
o 


(d^/V1 


dr  cxp(-ar)sin(kr) 


(4  n  )  *'/  “ 


o 

1 

k 2  +  a ; 


(3.2) 


The  radial  factor,  1 n g  C r ) ,  in  the  general  term  of  the  Taylor  series 
i  s 


,‘S77J 


dk  k 


n  +  2 


k2 


7  j*(kr) 


(3.31 


The  integral  can  tie  evaluated  in  the  upper  half  of  the  complex  plane. 
The  entire  integrand  is  even  (because  n  -  l  is  even).  Thus  the 
range  is  doubled  to  include  the  entire  real  axis  of  k.  We  now 
introduce  the  spherical  llankel  functions  with  the  use  of 


-(>- 


I  (kr)  =  Re  hJ1J  (kr)  (  5.1  ) 

n+  ■* 

[as  is  customary,  Rc  stands  for  the  'real  part  of'].  The  factor  k 
in  (5.5)  removes  the  pole  of  order  £+1  in  h^^(kr)  at  k  =  0.  Thus,  the 
only  poles  in  the  integrand  are  located  at  the  points  k=Jia.  As 
a  result,  the  integration  yields  modified  spherical  Bessel  functions 
of  the  third  kind  (Arfken,  1970)  which  are  defined  by 

k  .  (a rl  =  i ^  +  “h £  1 ^ ( i a r ) .  (5.5) 

Altogether,  we  find 

The  Yukawa  potential  at  the  displaced  point  now  can  be  written  as 

y  ( r + c )  =  l  AnJlan+1P  (r-c)k£(ar).  (5.6) 

n  ,  £ 

It  is  useful  to  compare  this  form  of  the  expansion  with  a  Laplace- 
type  functional  expansion  of  the  same  potential.  [in  section  5 
we  consider  the  Taylor  expansion  of  part  of  the  following  functional 
form.)  Given  the  Yukawa  potential  y(r),  eqn  (5.1),  we  can  consider 
the  following  relationship: 

y ( r  i  - r  7 )  =  •— l—  [d  3  k  — exp[-ik*(rl-r2)]  (5.  “I 

(  2  tt  J  3 '  k  2  +  a  2 


L. 
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As  is  shown  in  section  3,  with  the  use  of  two  Rayleigh  expansions 
lor  the  exponential  functions  in  eqn  (3.71,  the  functional  expansion 
i  s 


1 ) Y  A  ^ ( r  2 1  (3.81 

in  which  i  ( x 1  is  the  modified  spherical  Ressel  function  of  the 
first  kind.  The  quantities  r>(<)  represent  the  greater  (lesser)  of 
ri  and  r:.  In  tiiis  expression,  apart  from  powers  of  r  implicitly 
contained  in  the  representat ions  of  the  transcendental  functions 
k  and  i ^  as  infinite  power  series,  there  is  no  explicit  dependence 
on  the  powers  of  ri  or  r2.  The  functional  expansion  is  therefore 
distinctly  different  from  the  Taylor  series.  The  angular  dependence, 
expressed  through  the  Legendre  polynomials,  is  the  only  similarity 
between  the  two  expressions. 


A 

y  ( r  i  -  r  2 )  =  4  7T  l  aix(ar<)kA(ar>)Y  (r 

\,p 


4.  Potentials  Derived  from  the  Yukawa  Potential  and  its  Tavlor  Series 


In  the  Yukawa  potential  y(r),  in  the  limit  as  a  tends  to  eoro 
we  recover  the  Coulomb  potential: 


e~ar 

1  ini  — - —  =  1/r.  (4.11 

ak0 


Differentiation  of  the  Yukawa  potential  with  respect  to  the  exponential 
coefficient  a  yields  the  simple  exponential  function: 


e  ~ a  r 
r 


e 


-  ar 


And,  finally,  when  the  Yukawa  potential  is  part  of  the  following 
i n teg ra 1 


a 


q-2 


(4.3) 


we  recover  functions  of  the  form  r  . 

In  this  section  we  consider  these  three  basic  limiting  cases 
and  the  Taylor  series  which  can  he  derived  from  the  indicated  limiting 
processes . 

The  Coulomb  potential  is  an  appropriate  limit  of  the  Yukawa 
potential,  as  indicated  above.  When  this  limit  is  applied  to  the 
series  representation  (3.61,  we  obtain  the  following: 


1 

r  +  c 


1 im  v (r  +  c  ) 
a  -+  0 


l 

n,f 


(-cln 

hi 


A  lim{an+1k  (nr)  H’  (c*r)  . 
n  a-M)  '  * 


(4.41 


From  the  definition  of  the  modified  spherical  Ressel  function 
(Arfken,  1970), 


1  i  m  k  ( a  r ) 
a-+0 


1  im 

a->-0 


(21)! 


2%!  (ar)  11  +  1 


1  im 
a-*-0 


( 2  *,  - 1 )  !  ! 


(ar) 


JJT 


(4.5) 


so  that 


1  i m [ an+  1  k  (ar)  1  =  (2J.-1)!!. 

a->0  '  ’  r  ' 


(4.6) 


From  e(|n  (2.3)  which  defines  the  coefficients  A  ^  ,  we  find 
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£  ! 

A  f  f  "  XTTTTTT  * 


Upon  the  substitution  of  eqn  (4.6)  and  (4.7)  into  (3.6),  we  obtain 


I  i;+c ! 


(-c) 

~T+T 


( r • c ) 


(4.8) 


which  is  identical  to  the  Laplace  expansion  of  the  Coulomb  potential. 

Ue  note  that  if  a  similar  analysis  is  carried  out  with  the  use 
of  eqn  (4.22)  of  the  preceedinp  paper  (McKinley  and  Schmidt,  198  ), 
we  recover  the  Carl  son - Rushbrooke  (1950)  expansion  in  the  limit  as 
the  quantity  a  vanishes. 

The  simple  exponential  function  exp(-ar)  has  been  in  use  for 
a  considerable  time  as  a  representation  of  the  repulsive  interactions 
which  operate  between  atoms,  ions,  and  molecules  (Born  and  Mayer.  1932). 
Combinations  of  the  exponential  repulsion  and  inverse  powers  of 
attraction  arc  commonly  used  in  the  analysis  of  intermolecular 
interactions  (Hi rsch fel der ,  e_t  ,  1954  ,  Marpcnau  and  Kestner, 

1969).  A  combination  of  exponential  functions  defines  the  Morse 
l 1  9  29)  potent i a  1 : 


M  ( r )  =  I)  ea(ro-r)[ea(ro-r)  .  2] 


(4.9 ) 


in  which  D  is  an  enerpy  of  dissociation,  and  r0  is  an  equilibrium 
separation.  Rriels  (1980)  has  considered  the  functional  expansion  of 
the  exponential  component  of  the  Buckinpham  exp-6  potential  in  order 
to  develop  symmetry-adapted  scries. 


The  Taylor  series  for  the  exponential  function  is 


-in¬ 


i'*!' I  -•)  ( r  +  c)  ! 


d  o  x  n  |  -  a  ( r + c )  1 

rnr  - 


c  (  -  C  V  .  n  %  d  ,  11+ 1  ,  (  ,  , 

— rn—  Ve'Vr*c)n7ria  Mar)1 

n  .  ? 


IV i tli  the  use  of  the  mixed  recurrence  relation  (Ahramowitz  and  Stegun, 
1  !>  6  5  ) 


:k;,C)  =  -  zkf  l(z)  -  (  e  + 1 )  k  ?  ( z ) 


(4.11) 


in  eqn  (4.91  ,  we  get 


exu  |  -  a  ( r  +  c  )  )  =  \  A  (r -cl  [ark  f  }  (ar)  -  (n- 2)kf  (;ir)  |  . 

n ,  9  • 

(4.12) 


Die  Morse  potential  expands  as 


DD  ’  n  l  A„( 


Pp  (r-c)  {  2nc“ar°(  2ar  k  &  (2ar) 


(4.13) 


(n-?.)kf(2ar)l  -  2  ear°[ar  k?1(ar)  -  (n  -  Z)  V  ?  (ar )  1  } . 


finally,  we  consider  the  Tavlor  series  for  | r+c |  .  Subst i tut i nr 

the  Taylor  series  for  ttie  Yukawa  potential  (3.6)  into  (4.3),  we 
obta  i  n 


r+c  |  ^  j; 


»  or> 

rTTTTT  J  d: 


1  aq'2 


V - nT~  ‘  p  kr-cjj 


(r*c)  f  da  aq  +  n'1k0(ar) 


0 


(4.14) 
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where  we  have  exchanged  the  order  of  summation  and  integration.  Ke 
now  can  use  the  mixed  exponent ial -polvnomi al  form  of  the  modified 
spherical  Bessel  function  (Abramowitz  and  Stegun,  1905) 


Mx) 


(  £  +  s  )  ! 

(2s')!!  ( l  -  s )  !  x 


(4.15) 


to  write 


da  ac,  +  n  ^kjfar) 


~  I 

r  L 
s  = 


(g+s)! 

()  (2s)  !  !  (l-s) 


1 

>J. 


,  q  +  n-s  -2  -ar 
da  a  1  e 


(4.1(0 


The  integral  is  uncomplicated  and  straightforward  to  evaluate  as 
long  as  q^2 .  (Note,  from  eqn  (4.14)  the  expansion  vanishes  for 
(q-2)<0  because  the  factorial  becomes  infinite.]  Thus,  the  expansion 


i  s 


l  AnpMr*c) 


.  i  q  q  £  .  n  1  l 
r  +  c I  r  1  n  ,  Z  ,  s 


(<?  +  s)  !  (c 

1  +  n- s  -  2 )  ! 

n  !  (  a  -  s  )  !  ( ; 

-  s  )!  !  ( q -  2 )T 

s  f o rm  is 

equi va 1 ent 

obtained  by  Briels  (1980)  who  used  a  functional  expansion 


5.  Laplace  and  Laplacc-Taylor  expansions  of  the  Yukawa  potential 

The  main  problem  we  consider  in  this  section  concerns  the 
evaluation  of  the  Taylor  series  expansion  of  the  function  y(ri-r2) 
about  the  point  ri.  Such  an  expansion  is  required,  for  example, 
when  one  needs  to  consider  a  source  at  r2  and  the  displacement 
of  a  particle  about  the  point  ri;  both  points  r,  and  r2  share  a 
common  origin. 
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Before  wo  consider  the  displacement  about  rj  by  c  in  detail, 
we  first  demonstrate  eqn  (3.8),  the  Laplace  functional  expansion 
of  the  Yukawa  potential. 

The  1'ouricr  transform  is  given  by  eqn  (3.2)  together  with  Y00(k): 


1; .  t.l  y  (  r)  } 


(5.1) 


where  here  q  is  the  strength  of  the  source.  The  functional  form  of 
>’  ( r  i  -  r  2 )  is 


y  (  r  i  -  r  2 )  =  -  1 .  [d3k  -  -  exp  f  -  ik  •  (r  i  -  r  2 )  ]  . 

(  2 tt  )  3  J  k 2  +  a 2 

The  use  of  two  Rayleigh  expansions 

exp  (ik*  r)  =  4tt  l  i  XY*  (r)  Yx  (k)  j  A  (kr) 


(5.2) 


(5.3) 


in  eqn  (5.2)  yields 

y  ( r !  -  r  2 )  =  8q  l  YAp(ri)YA^(r2  )|  dk  i ^ (kr i ) j  ^ (kr 2 )  (5.4) 

A  ,  u  J  0  k  +  a 

upon  integrating  over  the  angles. 

The  radial  integral  is 


1 (r 1  ,  r  2) 


dk - -  j  ,  (kri) j . (kr 2 ) . 

0  k2+a2  A  A 


(5.5) 


The  evaluation  of  this  integral  proceeds  along  lines  similar  to  the 
evaluation  of  eqn  (3.3).  We  write 


13- 


I  =  ike 


Jk  rtfr 

»  k^+a' 


(  5  .  (>  ) 


in  which  i\_  is  the  greater  of  ri,  r2.  The  (A+l)-order  pole  in  h^ 
at  k=0  is  removed  by  the  (A+2) -order  zero  in  k2j.(kr,).  Hence, 
closing  the  contour  above,  the  only  pole  is  at  k=+ia.  The  integral 
l  is 


n  • 


1  =  7aix(.ar<)ky  (ar>)  • 


5.7' 


Thus,  the  Laplace  expansion  of  the  Yukawa  potential  is  that  given  by 
eqn  (.3.8)  : 


y  ( r  i  -  r  2 )  =  4 ri q  £y  ( r ! )  Y  (r  2 }  a  i  A  (ar <.)  k ^  (a r > )  . 
Ap  M  M 


(3.8) 


We  now  consider  the  expansion  about  the  point  ri 


00  1 

y  (r  i+c-r2)  =  q  £  i,  (c •  V,) ny  (r  x  -  r 2 ) 


n  =  0 


=  4iTq  i  h-.YIM(r2)(5-y’)nfYXMtri)aix(ar<)kA^ar>v|- 

nAp 

(5.8) 

In  order  to  evaluate  this  expansion,  we  need  to  consider  the  'partial 
potential ' 


=  YAu(ri)aiA(ar<)kA(ar>;) 


(27.) 


5-f 

3  ) 


d 3 k  fA(k)YAM(k)exp(-ik*r1) 


(5.0) 
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whe  re 


MM  = 


,  -Af 
4  ii  i 


dri  rt4'A(r1)jx(kr1) 


=  4  it  i 


.  A 


(  1  2 


dr  i  ii  a  i  x  (ar  i  J  kx  (ar2 )  .i  x(kr  j  ) 


15.10) 


+  drM  ai.(ar2)k,(ari).i.(kr. 


We  show  in  appendix  2  that 


Vk)  =  :LrVA(kr2j 

k  +a 


(5.11) 


n  the  standard  manner,  wo  now  find 


n 


SlW'P'Vf)  •  5T  ,  1  (-i)"*\tVt.tc)Vu|t;,) 

fcmLM 


f  »1+,  M/2 

[  MMTIM'Oj  (L£0°  1  A0)  lLtMml  XM  lnl\ (ri } 


(5.12) 


where  specifically. 


Wri)  = 


|2»)  ' 


,,  ,  n+2  4ni A  .  . .  .  ,,  . 

dk  k  -  j.  (kr2)  1,  (kri) 

k2  +a 2  A  L 


.  A 


2n  2 


,n+2 

dk  — - j  .  (kr2)  j  ,  (kr  ]  )  . 

,  k 2  +  a 2  A  L 


(5.1 5) 


from  the  parity  of  the 
Anf,  n-£  =  even.  Thus, 
doubled.  Write 


Clebsch-Gordan  coeff ic ient 
l,+n+\  =  cven.  The  integrand 


Jt  +  L+\  =  even.  from 
is  even  and  can  he 
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nLA 


Ui) 


dk 

-  oo 


kn+: 

- j  x (kr 2 ) j ,  (kr i )  . 

k2  +a2  A  L 


(5.14) 


We  consider  two  cases  separately. 

Case  A:  rj<r2.  Let  j^(kr2)  =  Re  hj^-*(kr2)  and  close  the  contour 
above.  As  k-+0,  the  entire  integrand  behaves  as  +  The 

The  triangle  inequality  for  the  Clebsch- Gordan  coefficient  ensures 
that  £+L-A>_0.  We  know  that  n-Jl^O.  Thus,  n+L-A>0,  and  there  is  no 
pole  at  k=0.  The  pole  at  k=ia  contributes  through  its  residue  to 
the  integral: 

.n  +  L  . 

InUUx)  =  —  a”  1kA(ar2)ix(ar1)  (5.15) 

4  TT 


and 


^r>+c-r2)ri<r2  =  (4*)3/2q  l  1M(cn/n!)An£YXu(r2)YJlm(c)YLM(ri) 

nXy£mLM 


2L+ 1 


)UZ 


n  +  1, 


{Tx  TT) -[7T+TJ 1  (LHOO  |  AO)  (8,LmM  |  Ay )  a  Akx(ar2)i]  (ari).  (5.16) 


In  the  limit  as  rj+0  in  eqn  (5.16),  we  recover  eqn  (3.6). 

Case  B:  ri>r2.  Proceed  in  a  manner  which  is  similar  to  case  A. 
Let  j  j  C  k  r  i )  =  Re  h^^(kri).  Again,  we  can  show  that  n  +  A-L^>0  so  that 
there  is  no  pole  at  k=0.  The  residue  at  k=ia  now  yields 


nLA 


(r  i) 


.  n  +  2  A  - 1 
4  7 r 


an+liA(ar2)kA (ar ! ) 


(5.17) 


and 
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>-(r,*c-r,)ri>r2  -  (4»)3/2q  J  (c"/n  !  )  A„ ,  Y?„  ( r,  )  Y,m  (O  V,  „  ( r ,  ) 


nApUmLM 


n t.  Ap  1  2  8m'w  '  1,M 


?i+l  \  1  /  2  , 

x  1  nT^TTTTrnrj  (LAOO|  no)  (L2.  Mm  I  Ap)an  1  i  A  (ar  2 )  kL  (ar , )  .  (5.18) 


As  an  example,  we  now  apply  these  results  to  the  problem  of  a 
ring  of  source,  such  as  a  charged  ring  or  a  ring  of  source  for  the 
Morse  potential. 

The  distribution  of  source  is  such  that  an  element  of  source  dq 
is  in  the  vicinity  of  r2.  Thus,  we  write 


y(ri)  =  ay  Cr i - r  2 ) 


=  4nfdq  l  Yx  (r,)Y*  (r2)  aix(ar<)kx(ar>) 

J  A  ,p 


(5.19) 


for  the  case  of  a  ring,  the  magnitude  of  r2  is  constant.  Hence, 


dq  =  3-  d<j); 


(S.20) 


q  Yxo^r2^6M0‘ 


(5.21) 


We  find  for  y(ri) 


y(ri)  =  qa^l  A(ar<)kx(ar>)  (2A  +  1)Px(cos6i)Pa(cos62) 
A 


(5.22 
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We  now  use  the  results  obtained  above  to  investigate  dis¬ 
placements  by  c  about  ri.  For  ri<r2  we  have 


'Oi*c)ri<  -  (4i.)3/2q  I  ,  (c"/n!)yl0(i!)VLM(r,)y  (c) 


nAy  £mI,M 


1/2 


+  UTTT^T)  ' '  "a^00|A0)(UMm|Al>)an+1iL(ar,)kx(ar2)  (5.25) 


and  for  i"i>r2 


y(ri+c)  =  (4tt)^//^ci  [  I-S2 — 


2L  +  1 

TnTTTCTSTTT 


nAy£m],M  n! 
1/2 


AntYX0<rOV,,M(T,)Ylnl(c) 


(LtOO|i())(L«Mm|XO)a"41i1(ar2)kI  far,).  (5.24) 


In  the  limit  as  a  tends  to  zero  in  these  expressions,  we 
recover  the  forms  associated  with  the  Coulomb  potential: 


1  ini  y  C r  i ) 
a->0 


q£(2A+l)P.  (cos6i)R.(cos02)lim  ai.  (ar  ) k.  (ar  ) 


a-*0 


q^PA(cos0i)Px(cose2) 

A  r. 


(5.25) 


from  eqn  (5.22).  This  expression  usually  is  obtained  as  an  example 
in  classical  electrostatics  by  other  means  (cf .  ,  Jackson,  19b2,  n.(i4). 
The  Coulomb  limit  for  the  expansions  (5.23)  and  (5.24)  yields 


1  im 
a-*0 


y(i»+s-r*>ri<r2 


(4tt)  3//2q 


l 

?  I,m 


T!Yh+^n  ^r2^YL 


-m 


(r, 


^f.m,cl 
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1/2 

.TTTTTTrTrWrr)  tLt00|L«£0)(Li-m|L+10)i^k|]jj- 


<_i+t+t 

r2 


(5.26) 


and 


3/2  r 

lim  y (r i +c- r2 )  >r  =  (4tt)  q  £ 
a+0  ~  ~  ~  r ! >r2  £Lm 


2L  +  1 

iTTPTJ  (2i-2L+l) 


1/2 


(LJ.00  |  £  -  L  0 )  (L£-mm  f  £,-  LO) 


!>-L 

(  2  L  - 1 ) ! !  rz 

(21-2L+1) ! !  L+ 1  • 


(S.27) 


Although  we  have  examined  the  case  of  the  ring  as  an  example, 
it  is  far  from  an  idle  one.  There  are  numbers  of  systems  of  interest 
in  physics,  chemistry,  and  biology  in  which  essentially  one  atom  or 
ion  sits  in  close  proximity  to  a  configuration  of  atoms  which  are 
bound  together  as  pentagons,  hexagons,  and  higher  regular  polygons. 

Some  examples  are  the  single  crystal  surfaces  of  pure,  clean  metals 
and  other  solids,  annular,  charged  ring  molecules  in  chemistry, 
and  surface  aggregates  of  phosphate  ions  in  biological  membranes. 

It  is  easy  to  show  by  computer  simulation  (Schmidt,  unpublished) 
that  the  difference  between  the  hexagon  and  a  continuous  ring 
is  a  small  one.  Thus,  the  ring  of  charge  or  matter  as  the  source 
density  for  the  Morse  potential,  for  example,  serves  a  useful  function. 
The  analyses  of  vibrations  and  stabilities  in  such  systems  are 
facilitated  by  the  analyses  given  above. 
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Appendix  I.  The  Woods-Saxon  and  Buckingham  exp-6  potentials 

We  have  mentioned  the  Buckingham  (1938)  potential  in  the  text 
of  this  paper.  In  this  appendix  we  show  a  general  expression  for  the 
Taylor  series  expansion  of  this  potential.  The  result  compliments 
Briels  (1980)  functional  expansion.  first,  however,  we  consider 
a  different  kind  of  potential  energy  function,  one  which  depends 
upon  the  exponential  function,  but  is  not  directly  related  to  the 
Yukawa  potential.  The  function  is  the  Woods-Saxon  (1954)  potential 
which  has  been  used  frequently  in  the  analyses  of  nuclear  models. 

The  Woods-Saxon  potential  has  a  simple  form: 

^WS  -  1  +"  exp  ( (r-r  0)  /  p]  ’  U-l) 

This  function  does  not  easily  admit  a  Fourier  transform.  Therefore, 
the  direct  application  of  the  integral  form  of  the  Taylor  series 
is  inappropriate.  We  resort  to  a  differential  form  (McKinley  and 
Schmidt,  198  )  in  order  to  get  useful  results. 

In  particular,  in  the  previous  paper  we  showed  that  for  a 
scalar  function  of  the  form 

G(r)  =  Y o  o  ( r )  [  /4ifF(r)] 

=  F(r)  (I  .2) 


an  arbitrary  term  in  the  Taylor  series  is 


1  ,  _  cn  v,  ~  f  (-l)qU+q)  !  -qfn-q 

nl^-  V  fCr)  ST  £AnST  3qi0  n'rqTrn'qirr  r  [  r 
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+ 


(d/dr)n_q_1F(r) . 


(1.3) 


For  the  case  of  the  Woods-Saxon  potential,  it  is  reasonably 
easy  to  obtain  a  closed,  polynomial  representation  for  the  differentia¬ 
tions  indicated  in  eqn  (1.3). 

The  differentiation  of  the  Woods-Saxon  potential  (1.1)  to 
arbitrary  order  is  carried  out  as  follows.  Let 


x  =  exp [ (r-r0)/p]  . 


(1.4) 


Then 

(d/dr)n  =  P'n(x^]n  (1.5) 

and  by  means  of  mathematical  induction  we  find 


11  =  l  cV(d/dx)s  (1.6) 

s-1 

where  the  coefficients  are  determined  by  means  of  the  following 
initial  and  end  conditions 


C?  =  Cn  *  1 
1  n 

Cn  =  0  for  all  s  >  n 
s 

and  the  recursion  relation 


(1.7) 


(1.8) 
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The  differentiation  of  the  Woods-Saxon  potential  now  leads  to  the 
general  term  for  the  Taylor  expansion 


1 

n ! 


,  Cc- V) 


%  =  -  Voc^  yA  p  (zrc)  y  C-l)qU+g)i  (D/r^ 

45  ws  _,.n  rnr  £lr  }  A*  (£-q)  !  (2q)  !~!  '•p/rJ 


n  i  p 


n  -  q  - 1 


q  =  0 


U-q)(p/r)Y'  e  (s)  +  njV-q 


s  =  1 


s  =  l 


(1.9) 


in  which  e(s)  is 


e(s)  -  (-l)s  — £^£[gil.lLo)-/-Pl—  .  (i.io) 

{1+exp [ (r-r„)/p] )b 

The  Buckingham  potential  is  simply  a  combination  of  the  exponential 
and  van  der  Waals  r  b  potentials: 


4>B(r)  =  ae‘br  -  c/r6. 


(I  .11) 


The  Taylor  expansion  of  this  function  is  just  the  combinations  of 
eqn  (4.12)  and  (4.17).  We  find  specifically 


<t>B(r  +  r  ’) 


1 

JJ 


j  —  — ' )  A  P  (r*r') 
L0  n!  *nVl{'TT) 
n ,  £ 


abn[brkj,  j  (br)  -  (n-«.)k£  (br)  I 


c  v  (£  +  s)  ! (n+4 - s ) ! j 
rn  +  6  s^0  (£-s)  TflsTTT  )  * 


(1  .12) 
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Appendix  II.  The  evaluation  of  the  integral  [5.10) 

We  evaluate  the  Fourier  radial  transform,  eqn  (5.10), 
as  follows. 

Write  the  spherical  Bessel  equation  as 

^[r2^X(kr)]  +  (kr)2jx(kr)-  A(A+l)jx(kr)  =  0.  (II. 1) 

We  write  the  modified  spherical  Bessel  equation  for  any  of  its  solutions 
as 


37tr2a7Mar)]  '  Cctr) \ACar)  -  A(A  +  lKx(ar)  =  o.  (II. 2) 

Multiply  the  first  equation  by  -£A(otr)  and  the  second  by  jx(kr)  and 
add : 


cA(“r)^[r2H7;iA(kr)]  +  j  x(kr^r237cA(:ar^  *CA(ar)  (kr)^jx(kr) 


-  jA(kr)  (ar) 2tA(ar)  =  0 


(II. 3) 


The  first  two  terms  are  integrated  by  parts.  The  third  and  fourth 
terms  are  transposed.  The  result  is 


r2C,(ar)j  (kr)  =  — - -  j- 

X  A  k2+a2  dr 


d  fjA(kr)r2^A(ar)  '  r2^A(ar^jA(kr) 


(11.4) 


When  this  result  is  substituted  into  eqn  (5.10),  we  find 


Vk)  =  7f77(akACar2)[;iACkr^r2l3FriA(ari)  *  riix(ar  O^-j  x(kri  J  ] 


k2+a 


+  aix(ar2)  [jx(kr1)rf^-kx(ar1)  -  r?  kx  (ar  i  )^4-j  x  (kr  i )  ]  0 

1  1  r 


A  -A 

~~~  a2r2jx(kr2)  [kx(ar2)i^(ar2)  -  ix(ar2)k^  (ar2)].  (11.5) 

k  ^  ct 


The  quantity  in  the  brackets  is  a  simple  Wronskian  which  has  the  value 


l/(a2r2)  (Arfken,  1970).  Thus, 


fA(k3  =  r^A^* 
k  +or 


(5.11) 


Acknowledgement 


This  work  was  supported  in  part  by  the  U.  S.  Office  of  Naval 
Research,  Arlington,  Virginia  USA. 


r 


24  - 


~3» 


References 


Abramowitz  M  and  Stegun  I,  eds,  1965,  Handbook  of  Mathematical  Functions 
with  formulas,  Graphs  and  Mathematical  Tables  (New  York:  Dover j 

Arfken  G,  1970,  Mathemat ica 1  Methods  for  Physicists,  2nd  edn  (New  York: 
Academic  1’rcss) 

Born  M  and  Mayer  J  I; ,  1932,  Z.  Physik,  7 5 ,  1-18 

Uriels  W  J,  1980,  J.  Chem.  Phys.,  73,  1850-61 

Buckingham  11  A,  1938,  Proc.  Roy.  Soc.  (London),  A 1  68,  264-  83 

Carlson  B  C  and  Rushbrooke  G  S,  1950,  Proc.  Camh.  Phil.  Soc.,  4  6 , 

626-53 

Hi rschfeldcr  .1  0,  Curtiss  C  F,  and  Bird  R  B,  1954,  Molecular  Theory 
of  Gases  and  Liquids  (New  York:  John  Wiley  8  Sons) 

Margenau  11  and  Kestner  N  R,  1969,  Theory  of  1 ntermo 1  ocular  Forces, 

2nd  edn  (Oxford:  Pergamon) 

McKinley  J  M  and  Schmidt  P  P,  198_,  'The  use  of  Fourier  transform  methods 
for  the  evaluation  of  coefficients  in  a  Taylor  series  to 
arbitrary  order,'  J.  Phys.  A  (Math.  Phys.)  submitted 

Morse  P  M,  1929,  Phys .  Rev . ,  34 ,  57-64 

U 

-  and  Feshback/  1953,  Methods  of  Theoretical  Physics  (New  York: 

McGraw-Hill) 

Rose  M  K,  1957,  hlementary  Theory  of  Angular  Momentum  (New  York:  John 
Wiley  5  Sons) 

Schmidt  P  P,  Pons  B  S,  and  McKinley  J  M,  1980,  JCS  Faraday  11,  7 6 ,  979- 
1007 

Woods  R  D  and  Saxon  D  S,  1954,  Phys.  Rev.,  95,  577-8 


